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A COMPACT ATOMIC MAGNETOMETER FOR CUBESATS
ERIK KNECHTEL
ABSTRACT
By shining a precisely tuned laser through an atomic vapor, we can determine local mag-
netic field strength in scalar form and in a way that is not affected by temperature changes.
This technology has been used in space many times before on missions flown by NASA
and ESA, such as SWARM, Øersted, and CHAMP to calibrate accompanying vector mag-
netometers which are subject to offsets caused by temperature changes. The device we
constructed is a small, low-cost application of this scientific principle and opens up new
areas of scientific possibility for cubesats and the ability to define geomagnetic field struc-
tures on a small (<10km) scale as part of the ANDESITE cubesat mission being developed
at Boston University.
Previously, magnetic sensors in orbit have been flown individually on a single spacecraft
or in very small groups such as the International Sun-Earth Exporers (ISEE) and SWARM
which each used three separate spacecraft. This method of analyzing the geomagnetic field
cannot provide a spatial or time resolution smaller than that of the separation between
magnetic field readings. This project has focused on producing a tabletop demonstra-
tion of a compact sensor head which could enable measurements on unprecedented small
scales. Toward this end we have accomplished the construction and preliminary testing of
a compact sensor head which contains all necessary elements to function as a scalar atomic
magnetometer.
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Chapter 1
Introduction
“. . . though all other animals are prone, and fix their gaze upon the earth, he gave to Man
an uplifted face and bade him stand erect and turn his eyes to heaven.”
– Ovid, Metamorphoses
Magnetic sensors are flown on almost every single mission in Earth orbit or in deep
space due to their usefulness as a navigational aid, their contribution to planetary science
and understanding subsurface structures, and their importance in understanding space
weather. Finding a way to meet size, weight, and power restrictions is an ongoing research
question. Many organizations are approaching this question from a variety of angles, in-
cluding ways to eliminate mounting booms and overcome electromagnetic interference [1,2].
The cubesat form factor, consisting of 10cm cubic units which can be combined or
flown individually, emerged in 1999 as a low cost means of putting sensors and equipment
in space. There are many benefits to the shape, the first of which is the small weight and
low cost of accessing space as a secondary payload, as well as an emphasis on the usage
of commercial off-the-shelf technology instead of a reliance on completely unique systems.
This widely available technology came about not only from adapting smartphone technol-
ogy, which is extremely small and low-power and therefore well-suited for space missions,
but also through the creation and promotion of a cottage industry developing space-ready
systems made specifically for the cubesat form-factor. The ability to hitch a ride on a
2rocket as a secondary payload is possible because a device this small can be slotted into
the gap between the primary payload (from an organization paying the full cost of the
trip) and the first or second stages of a rocket. For these reasons a mission requiring many
simple satellites to do something like measure the geomagnetic field at closely spaced points
finds a natural home in cubesats.
One issue that all spacecraft face is the extreme disparity in temperatures that are ex-
perienced during an orbit or even between different sides of a spacecraft, both toward and
away from the sun. This problem is exacerbated at smaller sizes because a 1kg cubesat, for
example, will have far less thermal mass to alleviate these shocks than a 200kg satellite.
These temperatures can range from 120°C on the sunlit side of an object at noon orbit to
-100°C in Earth’s shadow. This adversely affects many types of magnetometer technology
which suffer from temperature drift, in which their measurements of the ambient magnetic
field change as temperature changes.
Atomic magnetometers rely on quantum properties that are much more robust against
temperature effects. These quantum properties are fundamental constants of nature and
so the readings from these devices provide an ideal source of calibration for other magne-
tometers. Often these other magnetometers provide a vector reading, which is more useful
for navigation and guidance as well as for science, since most atomic magnetometers are
limited to providing a scalar output. Use as a temperature-independent calibration point
is the main reason that atomic magnetometers have such a long and varied flight history
on scientific spacecraft.
There are currently no commercial off-the-shelf magnetometers which can fill this need
in the ANDESITE cubesat mission currently being developed at Boston University. It is
from these mission requirements that the idea for this thesis arose. Thus my research as a
Master’s student has focused on providing a means for cubesats and other small satellites
3to measure magnetic fields without being corrupted by temperature fluctuations.
There has been growing interest in the development of compact atomic magnetome-
ters over the past decade. A team at the National Institute of Standards and Technology
(NIST) has produced an extremely small CPT magnetometer and they claim that further
improvements in size and sensitivity are quite feasible in the near future. Their team at
NIST’s Boulder, Colorado facility has achieved a device 12mm3 in size with sensitivity of
50 pT√
Hz
[3]. Keeping this in mind as the extreme limit of the technology, we are aiming at
a device which could fit in a 5x10x10cm volume and weigh 0.5kg. The power limit which
the NIST team achieved was 195mW, while our ideal power usage would be under 1W and
would have to accept the possibility of duty-cycling if the ANDESITE mission required
this subsystem to go into a low power mode. Where the NIST team’s device pushes the
limits of low size, weight, and power, our design emphasizes low cost components for lim-
ited production quantities.
Chapter 2
Magnetometers
Magnetometers are devices or systems which can measure the magnetic field strength in
a volume of space and report it either as a vector or scalar value. Magnetometers are
extremely important in the fields of geology, physics, space and planetary science, and
medicine. In section 2.1 I provide background on how magnetometers are used in several
different fields. In section 2.2 I go into detail on several different types of magnetometer
technology which are commonly used on spacecraft.
2.1 Application Background
2.1.1 Space weather
Planetary magnetic fields interact with the solar wind to create a turbulent electromagnetic
environment in near-Earth space which has a detrimental effect on the operation of satel-
lites from large geostationary satellite platforms and the International Space Station down
to small cubesats. The precise size, strength, and motion of the Earth’s magnetic field
structures are only known with very rough certainty and on a scale of tens or hundreds of
kilometers (see fig. 2.1), due to the cost and difficulty of gathering enough measurements in
the space environment which are time synchronous and closely spaced. Acquiring more pre-
cise measurements of the energy flow in the magnetosphere-ionosphere system is important
to the ionosphere-thermosphere community and magnetospheric community. Attempts to
estimate the energy flux and the structuring of the magnetic-field-aligned currents have
found significant discrepancies with model predictions [4, 5]. To observe the process of
5current filamentation in the plasmas of the upper-atmosphere requires multi-dimensional,
time-dependent measurements beyond what can be obtained from looking at the optical
aurora [6, 7]. One attempt at this has been made using the engineering magnetometers
on board the 66-satellite IRIDIUM constellation of communications satellites. This effort,
known as AMPERE, demonstrated in clear terms the usefulness of a network of magne-
tometers to produce data that has a substantial scientific yield [8].
To better investigate the physics underlying the breakups and reformations of Birke-
land current sheets calls for a sensing capability better than that of the AMPERE project.
Cubesats provide an exciting alternative to larger, costlier missions, and may allow scien-
tists to gather multipoint measurements to more clearly resolve the Earth‘s magnetic field
structures and the field-aligned currents. As an example, to understand the filamentation
of the aurora a fleet of magnetometers in a dense grid over an area of about 500 square
kilometers is necessary [9]. One barrier to accomplishing this is the temperature effects
which cause bias drifts in common magnetometer designs such as fluxgate devices. An
atomic magnetometer is much more robust against temperature changes and can provide
the needed calibration to enable more precise measurements in this environment.
2.1.2 Geology
Mineral prospecting for extractive industries and geological science depend heavily on the
use of magnetometers to detect various minerals and rock structures in the Earth [11]. By
sensing the changes in magnetic field strength in the Earth’s crust, geologists can develop
a thorough tomographic image of the size, shape, and type of rocks and minerals and other
materials (such as oil, water, or mud) within the Earth.
6Figure 2.1: This figure shows the high-altitude magnetic field lines which occur at the
north and south poles of the Earth. Figure reproduced from [10].
72.1.3 Industry
Magnetometers can be used for detecting cracks in pipes the same way a metal detector
can find objects buried in dirt or sand. An AC current runs through some wire coils that
are held next to a pipe, and the time-varying magnetic field created by this induces eddy
currents in the pipe material, assuming it is conductive. A nearby magnetometer then picks
up the secondary magnetic field that is generated from these eddy currents and if there is
an aberration, that can indicate a break in the pipe which is disrupting the continuity of
these circular eddy currents [12].
2.2 Sensor Classes
2.2.1 Magnetoresistive Devices
There are two types of magnetoresistive devices, anisotropic magnetoresistance (AMR) and
giant magnetoresistance (GMR). Magnetoresistive devices such as the AMR Honeywell
HMC-1001 operate by using resistors made from NiFe, from which a Wheatstone Bridge
circuit can be made to detect slight changes in resistance in that material. These changes
can be mapped to changes in the surrounding magnetic field [13]. Due to the anisotropic
nature of these resistors, their orientation ensures that they primarily measure magnetic
field strength changes along their axis. GMR sensors are a younger technology, with the
first flight-qualified GMR sensor certified in 2008 for the OPTOS mission [14]. Both AMR
and GMR technologies are very susceptible to temperature changes.
2.2.2 Fluxgate
Fluxgate magnetometers have been used on many space missions dating back to the Pio-
neer probes in 1958 [15]. For fluxgate technology, a magnetically susceptible material such
as iron is shaped into a cylinder, and wrapped with two coils of wire. One coil carries
alternating current, and this induces a current in the accompanying wire. If there is a
change in the magnetic field strength along the length of the iron core, this will increase
8or decrease the amount of induced current in the second wire. The amount by which that
induced current changes lets the user estimate the magnetic field strength. Magnetic sat-
uration can occur in the iron, when the alignment of the material’s atoms can no longer
contribute to the induced magnetic field. In certain materials when this happens abruptly
an alternating current which causes saturation in each cycle is fed into the device and if
there is an external magnetic field acting along the direction of the material it will cause
saturation to happen earlier or sooner. Saturation will happen earlier in the direction of the
ambient field, and later in the direction against the field, and can be sensed electronically.
This technology has several advantages: it can be built quite durably, it can provide
vector measurements, and it can be made very cheaply. However there are some serious
disadvantages, foremost of which is a susceptibility to temperature changes which cause
an apparent change in measured magnetic field intensity. Because of this an accompany-
ing scalar, optical magnetometer is frequently flown with the fluxgate system, as with the
Absolute Scalar Magnetometer on the SWARM mission [16].
2.2.3 Superconducting Quantum Interference Device
SQUID magnetometers utilize the unique properties of superconductors to measure mag-
netic field intensity in vector form with very high sensitivity and extremely low noise due to
their low temperature operation. This low temperature is the primary drawback to using
this technology since it requires cooling down to temperatures which are only achievable
with liquid nitrogen or liquid helium.
2.2.4 Proton Precession
A proton precession magnetometer (PPM) is a type of technology often used for mineral
or geological research in the field. The device puts a powerful magnetic field in to a
hydrogen rich solution, then removes the induced magnetic field and observes the precession
9of the atomic nuclei back to a randomized state. The rate at which the nuclei reorient
themselves is based in part on the ambient magnetic field, so this device produces a scalar
reading. A PPM magnetometer was used on the Vanguard 3 mission in 1959 to measure
the geomagnetic fields to 10nT accuracy [17].
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Chapter 3
Coherent Population Trapping
As noted in previous chapters, there is a need to develop a compact, low cost, high accu-
racy atomic magnetometer for cubesat missions. In this chapter, we describe an atomic
magnetometer based on a quantum effect known as coherent population trapping. Coher-
ent population trapping, or CPT, refers to trapping a population of alkali atoms in gas
form in a coherent “dark state,” in which the atoms are placed in a superposition between
two hyperfine sublevels of the atomic ground state. This effect is produced by illuminating
the atomic vapor with two wavelengths of light, each of which is resonant with an optical
transition between the ground and excited states of the atom (see figure 3.1). The effect
is called “coherent” because the two optical fields being used (the two frequencies output
by the laser) must maintain their relative phase at all times for the effect to be produced.
The two sublevels between which the atoms are superposed will change depending on
ambient magnetic field strength. At zero magnetic field, the energy level structure of the
atom is as shown in figure 3.1. However, when the atom experiences a magnetic field, the
ground state energy levels split as shown in figures 3.2 and 3.3. The frequency shift for a
particular sublevel is given by:
δmF = mF gFB (3.1)
where mF is the magnetic quantum number for each sublevel, and gF is the “gyromagnetic
ratio” which is −0.7MHzG for F=1 and
0.7MHz
G for F=2. A CPT device can be used as an
12
atomic clock, and that functionality depends on the transition between the mF=0 sublevel
in each F=1 and F=2 ground state (the black traces in 3.2 and 3.3). This atomic clock
functionality is a potential use of this device but is not a focus of this thesis. By producing a
CPT resonance between non-zero mF states in each hyperfine ground state, we can operate
the system as a magnetometer in which frequency shifts of the nonzero mF sublevels serve
as a direct probe of the scalar magnetic field.
13
Figure 3.1: The energy level diagram of 87Rb D1. The transitions we are interested in
are highlighted as arrows between the two ground states, labeled F=1 and F=2 and the
excited state, which is in red. The figure depicts an atom at zero magnetic field, in which
the ground state sublevels are degenerate.
3.1 Flight History of Atomic Magnetometers
Optical atomic magnetometers have been standard equipment on all precision magnetic
mapping missions since Magsat in the 1980’s, to SWARM launched in November 2013, due
to their usefulness as a robust and stable calibration reference [16, 18]. An optical atomic
14
Figure 3.2: The tuning of the F=1 ground state in the rubidium atom as a function of
magnetic field strength.
Figure 3.3: The tuning of the F=2 ground state in the rubidium atom as a function of
magnetic field strength.
magnetometer is largely unaffected by changes in temperature, relying only on the Zeeman
effect in which the splitting between atomic energy levels varies as a function of magnetic
15
field. Thus, they require no calibration and can operate in magnetic fields from 10−15 to
10−3 Tesla depending on the design. This is useful for both space based research as well
as a variety of terrestrial applications.
3.2 Usefulness of CPT Atomic Magnetometer Technology for BUSAT,
ANDESITE, and Other Cubesats
For our purposes at Boston University, we would like an optical magnetometer which could
fit on board the ANDESITE student cubesat mission and help calibrate the 8 vector mag-
netometers which will suffer from temperature effects as they go through the thermal cycle
of a low Earth orbit. These magnetometers are the Honeywell HMC2003 AMR sensors, and
they are used for their low cost and ease of implementation rather than high accuracy or
environmental robustness. The magnetic field sensitivity range we are interested in lies in
the 10−9 to 10−4 Tesla range (usually referred to in terms of tens of thousands of nanoTesla).
The ANDESITE cubesat mission currently being developed at Boston University will
utilize a swarm of magnetoresistive vector magnetometers to examine the shape and move-
ment of the Earth’s magnetic field lines. From the abstract of a presentation at AGU:
An ad-hoc cubesat-based satellite network project known as ANDESITE is un-
der development at Boston University. It aims to develop a dense constellation
of easy-to-use, rapidly-deployable low-cost wireless sensor nodes in space. The
objectives of the project are threefold:
1) Demonstrate viability of satellite based sensor networks by deploying an 8-
node miniature sensor network to study the filamentation of the field aligned
currents in the auroral zones of the Earth‘s magnetosphere.
2) Test the scalability of proposed protocols, including localization techniques,
tracking, data aggregation, and routing, for a 3 dimensional wireless sensor
16
Figure 3.4: These images demonstrate the ANDESITE mission’s central concept. The
cubesat will launch several smaller picosats, each with a vector magnetometer. The entire
swarm, including this thesis’ CPT magnetometer, will function as one distributed sensor.
network using a flock of nodes (see figure 3.4).
3) Construct a 6U Cube-sat running the Android OS as an integrated constel-
lation manager, data mule and sensor node deployer.
This small network of sensor nodes will resolve current densities at different
spatial resolutions in the near-Earth magnetosphere using measurements from
magnetometers with 1-nT sensitivities and 0.2 nT√
Hz
self-noise. Mapping of these
currents will provide new constraints for models of auroral particle acceleration,
wave-particle interactions, ionospheric destabilization, and other kinetic pro-
cesses operating in the low-beta plasma of the near Earth magnetosphere [19].
17
However these AMR magnetometers will be highly susceptible to temperature changes,
disrupting their ability to accurately measure magnetic fields. To calibrate these devices,
the CPT magnetometer described in this thesis could be used to perform in-orbit calibra-
tion. It would do this by measuring the scalar magnetic field strength on board the central
satellite, and this data could be used on the ground to better estimate the amount of error
being caused on the swarm magnetometers due to temperature changes. The reason we
would not place one of these devices on each sensor node is because of the lack of volume
and power in each node.
This methodology is frequently used in multi-million dollar NASA and ESA missions,
where vector fluxgate magnetometers are often partnered with a scalar atomic magnetome-
ter to provide in-situ data against which calibrations and corrections can be made. The
lack of an intrinsic offset in an optically pumped atomic magnetometer is a tremendous
advantage in taking magnetic measurements and calibrating other instruments, and is a
quality which can be assumed a priori of an instrument such as the one being proposed [20].
Ultimately this will help us develop a more precise understanding of the shape and
movement of the Earth’s magnetic fields on an unprecedented small spatial scale.
Chapter 4
Prior Work and Literature
In this chapter I first describe the work I did on the BUSAT team in 2012 involving a
commercial, off-the-shelf AMR magnetometer. In section 4.1.1 I discuss the work done
at Boston University and elsewhere in understanding the scientific need for multi-point
measurements of the electrical currents and magnetic fields in the Earth’s environment.
Then in section 4.1.2 I briefly cover the ANDESITE mission’s central computer and how
it will interact with the device described in this thesis.
There have been decades of work on building optical magnetometers and using them
as either standalone scalar or vector magnetometers, or in conjunction with a dedicated
vector magnetometer. Many optical atomic magnetometers have been sent to space, or
used in other extreme environments such as the deep ocean [21]. Usage of a scalar magne-
tometer to calibrate a vector magnetometer has been used on many missions investigating
the Earth’s magnetic fields, including Magsat, Ørsted, CHAMP, SACC MMP and the ESA
Swarm project as mentioned previously [16,18,22].
On the specific topic of calibrating vector magnetometers with an accompanying optical
magnetometer, considerable work has been done in Denmark for the Ørsted satellite which
carries a scalar magnetometer that is used to calibrate a fluxgate vector magnetometer [22].
In the case of Ørsted, first an estimate of scalar magnetic field strength to be expected at
a point in orbit is obtained from a model, and from that a comparison is made between
the expected field strength and the observed strength. The European Space Agency’s
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SWARM mission also makes use of optically pumped scalar magnetometers to calibrate
the accompanying vector magnetometers [23]. The Cluster mission, which did not have
scalar magnetometers, relied on intercalibration of the two fluxgate vector magnetometers
on each spacecraft and inorbit calibration was only possible largely due to the fact that
there were four spacecraft, providing a total of 8 points of intercalibration [24].
4.1 Magnetometer development for BUSAT and ANDESITE
Beginning in the summer of 2012 I was put in charge of developing the magnetic sens-
ing subsystem for the BUSAT student cubesat project at Boston University. This project
was a precursor to ANDESITE and used only a single AMR magnetometer, the Honeywell
HMC2003 3-axis vector magnetometer. I developed the printed circuit board to implement
that circuit and a demonstration version of it was used to show the connectivity between
the central computer of BUSAT through a data- and power-routing board and the func-
tioning magnetometer. Figure 4.2 shows the PCB design at the schematic level.
We used another version of the same board to verify high-altitude performance at
NASA’s Columbia Scientific Balloon Facility in Ft. Sumner, New Mexico, in August of
2012. We performed these tests to demonstrate the functionality of BUSAT’s central stack
of electronics, consisting of the main computer, the communications system, power system,
and attitude determination and control system (which used the version of the magnetome-
ter board seen in figure 4.5). We successfully received data from the magnetometer, shown
in figure 4.6, and used this data not only to prove that our system worked but also provide
simulation data for implementing noise-canceling algorithms.
These noise canceling algorithms were inspired by work at the University of Michigan
by Prof. James Cutler and Dr. John Springmann, who had done considerable development
in enabling scientific-quality magnetic sensing data from cubesats without requiring usage
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of a boom on which to mount the sensor. This is done by thorough calibration of the
electromagnetic environment of the cubesat on the ground, which allows the electromag-
netic interference from each subsystem to be characterized. Normally the magnetometer
itself is carefully calibrated to account for internal offsets along the axes (in the case of
a vector magnetometer) both in direction and magnitude, and these offsets are accounted
for in post-processing of the data. However the methodology put forth by Springmann and
partially implemented by myself and others on the BUSAT team will allow for a magne-
tometer inside the noisy environment of a cubesat to provide data which is scientifically
useful in sensing nano-Tesla scale changes in the Earth’s geomagnetic fields. This is done
by taking into account the interference of various satellite subsystems over time since we
know when the systems are turned on or off, and cross-calibrating with the International
Geomagnetic Reference Field (IGRF). This enables large savings in complexity, space, and
cost by eliminating the use of a boom [2].
4.1.1 Simulations
Prior to starting the hardware design and construction at Draper’s facilities, I spent several
months in early 2013 analyzing the different sensing possibilities for the ANDESITE swarm
of sensors. The team wanted to know exactly how many sensors, and in what configuration,
would let us detect fields of certain shapes and speeds (both relative to the Earth reference
frame and the spacecraft). To perform these simulations I followed the algorithm devel-
oped by Hermann Luhr and others for estimating the thickness of current sheets based on
single point measurements [25]. I expanded it to current sheets of different shapes, speeds,
and began to look at the benefits of multi-point measurements. The ANDESITE team
determined that the best data would come from sensor nodes in a 3D configuration, as
opposed to a string-of-pearls line. Work was performed by other members of the team to
determine which configurations might be physically possible with the launch mechanisms
being considered on the cubesat, taking in to account atmospheric drag, tumbling forces,
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Figure 4.1: Simulated crossing of an infinitely large current sheet by a spacecraft. The
spacecraft is represented by the velocity vector. Figure reproduced from [25].
and structural requirements for the sensor’s shapes.
4.1.2 Software development
My work on the hardware began with what was going to be the main controller for the
temperature of the VCSEL (the type of laser used in the device described in this paper)
and vapor-cell system: a Texas Instruments Piccolo microcontroller. This microcontroller
has a special “Control Law Accelerator” to aid in performing the mathematics needed
for implementing control loops. Using the USB development board version of this chip I
created a control loop to send a 2-MHz signal to an LED which was sealed inside a trans-
parent tube with a photodiode. The proportional-integral-derivative feedback loop I had
designed would try to keep the photodiode’s detected light at a constant level in different
ambient light environments, adjusting the LED as necessary. This functioned as a test
for controlling the vapor cell or VCSEL’s temperature in a changing thermal environment,
since at this point I did not have the full array of hardware needed to begin construction.
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We later put aside the Piccolo in favor of a National Instruments setup for ease of speed
and integration but the Piccolo chip remains the intended long-term candidate for control-
ling this system and interfacing with ANDESITE’s main computer. That main computer
is another Texas Instruments development board, the Beaglebone Black. This board is a
1GHz, single-core CPU with 512MB of RAM in an extremely small form factor with many
easily accessed hardware inputs and outputs (called general purpose input/output pins,
or GPIOs). The Beaglebone’s ARM Cortex-A8 processor has two separate cores inside,
called Programmable Realtime Units (or PRUs) which operate at only 200-MHz but can
be used to control certain output pins and assist with realtime hardware control. I per-
formed extensive testing of the Beaglebone’s ability not only to function as ANDESITE’s
main computer but also verify that it could interact with chips such as the Piccolo with
the bandwidth necessary to transmit commands and measurements back and forth. The
benchmarks demonstrated that the device is capable of handling ANDESITE’s scheduling
and bandwidth requirements while still remaining within the power budget of the mission’s
various modes [26].
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Figure 4.2: PCB layout of a demonstration version of the HMC2003 board I developed in
2012.
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Figure 4.3: Printed and populated copy of figure 4.2.
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Figure 4.4: The board from figure 4.3 in use to demonstrate connectivity.
26
Figure 4.5: The HMC2003 chip can be seen on the left side of the circuit board at the
top of this stack of electronics. This stack is the “hub” of BUSAT, a central tower which
included the main computer, the attitude determination and control systems, the power
control system and the communication systems.
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Figure 4.6: This plot shows the 3-vector readings of the magnetic field strength during the
high altitude balloon test of the system. The vertical axis is milliGauss, the horizontal
axis is time throughout the balloon flight. The large spike that occurs in the right side of
the plot was due to the activation of a large motor in mid-flight located a few centimeters
above the magnetometer.
Chapter 5
Sensor Design and Characterization
In this chapter I first list the commercial components used in designing this system in
section 5.1 and describe the arrangement used in testing. Then in section 5.2 I describe
the preliminary measurements we obtained to verify that the system was running properly.
I describe how we chose the frequencies we used to probe the rubidium gas in section 5.3
and finally I elaborate on problems we faced and improvements for the next design in
section 5.4.
5.1 Prototype sense head design
The system has been built following the overall block diagram shown in figure 5.1. The
rubidium vapor cell (Triad Technology TT-RB87-55Q-P) sits inside a 3D printed enclosure
(see figure 5.4) along with the laser and the other optical beam steering and conditioning
elements, which includes a quarter-wave plate, several right-angle prisms, a photodiode
which detects a reference beam before the laser enters the cell, and a final photodiode
which detects the beam after it passes through the cell and the rubidium gas (figure 5.2).
Photocurrents from the photodiodes are converted to voltages by ThorLabs PDA200 ampli-
fiers. All flat optical surfaces have been placed at an angle which ensures no back-reflection
occurs into the laser cavity. Although the enclosure diagram (figure 5.3) shows an SMA
connector for the RF input to the laser, the actual setup used a modified Mini-Circuits
086-45M+ cable soldered to the laser housing [9].
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Figure 5.1: Block diagram of sensor and supporting equipment. The feedback loop for the
microwave oscillator was not implemented.
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Figure 5.2: The optical path from the laser (not shown) through the vapor cell, and into
the two photodiodes. The solid blue line traces an optical ray through the center of the
optics train. The dashed lines denote optical rays emitted at a typical divergence angle for
our VCSEL.
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The laser is an Oclaro 795nm single mode VCSEL in a TO46 housing (part number
APM2101013300, $800 unit cost). The thermistor is incorporated into the TO46 package
but heating and cooling must be applied externally, as described below.
A National Instruments system (a NI 9220 analog input cartridge in a NI DAQ-9178
device rack) reads the temperature on the VCSEL and vapor cell via the two different ther-
mistors which are wired into two separate Wheatstone bridge circuits, and each is calibrated
differently in software according to their exact characteristics. The LabVIEW software,
using a proportional-integral control loop then sends a command amplitude output via an
analog-out device (NI 9263) to one of two amplifiers (a ThorLabs HVA200 amplifier for the
vapor cell heater, and a high power amplifier circuit for the VCSEL using an OPA552 op-
amp). The vapor cell’s heating power is delivered as a sine wave at a frequency of 10-kHz,
and the VCSEL is sent a DC voltage level to heat it. The vapor cell is heated with an AC
signal so that the magnetic field created by this signal can be filtered out with low-pass
filtering on the photodiode readout and not interfere with measurements of the ambient
magnetic field. These signals are sent to surface-mount resistors which are epoxied directly
to the vapor cell and laser. We used 220 ohms to provide maximum power transfer, and
two resistors in series for each device to spread the heat. We also placed the heaters as far
from the thermistors as possible to avoid creating a hot spot near the thermistor.
The BK Precision 1762 DC power supply which is used to power the wheatstone bridge
and OPA552 amplifier sends a transient glitch through the power terminals whenever but-
tons are pressed on the front of the console, so to eliminate those and avoid disruptions to
the wheatstone bridge’s measurements the power is first sent through a LM7808C voltage
regulator which, combined with capacitors, prevents the transient spike from reaching the
rest of the circuitry. All connections to the photodiode amplifiers, the wheatstone bridge,
and power supplies require filter capacitors to be used between the terminals to reduce
high frequency noise.
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Figure 5.3: The Solidworks model of the sensor system.
There are three ways we control the power and frequency of the laser’s output. First,
we set the temperature of the laser. Second, we set the DC driving current. Finally, to
produce multiple emission wavelengths we apply current oscillating at microwave frequency
to produce sidebands on the laser’s primary emission frequency. An analog signal generator
(the Agilent N5181A MXG) sends a signal between 3.1-GHz to 3.3-GHz (usually centered
on 3.13-GHz, which will be explained below) in to the VCSEL to cause a frequency scan
across a narrow range. This occurs because the VCSEL is frequency controlled partly
by temperature, and also by current. So by setting a DC current level in the middle of
the frequency response range we’re interested in and then scanning around that, we cause
a characteristic absorption profile to show up on the oscilloscope’s display of the signal
photodiode. The DC and AC are mixed in a Mini-Circuits ZX85-12G-S+ Bias-Tee.
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Figure 5.4: The enclosure with the lid on in the left panel, and off in the right panel,
displaying the realized version of figure 5.3.
5.2 Preliminary absorption measurements
Initial tests of the vapor cell showed a characteristic absorption profile as shown in fig-
ure 5.6. This absorption curve is the Doppler-broadened resonance for the hyperfine ground
states of the 87Rb atom. By measuring both the reference and signal photodiodes we were
able to track intensity variation from the laser. The reference diode’s signal increases lin-
early as the current going in to the laser was increased. This current scan from 2.4mA
to 2.6mA also produces a frequency scan. This frequency scan is not related to magnetic
field strength, it only shows the response of the rubidium atoms to absorbing the laser
light as a function of frequency. Thus the laser going in to the cell, shown by the red line
in figure 5.6, shows very little change over the scan, only increasing slightly as the power
increases. However the blue line (which is the laser after passing through the gas) clearly
demonstrates absorption at the two frequencies associated with the optical resonances de-
picted in figure 3.1.
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Figure 5.5: The full optical bench setup which was used for testing. The sense head is on
a raised optical platform in the middle.
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Figure 5.6: This plot shows the reference photodiode signal in red before the vapor cell, and
the blue curve shows the signal after the laser has passed through the rubidium gas. The
vertical axis is arbitrary units of photodiode current, and the horizontal axis is arbitrary
units of frequency. As the frequency is swept across a range during this time period this
scan lets us measure the corresponding change in current from the photodiodes.
Figure 5.7 shows the increasing absorption of laser light at the resonant frequencies as
the vapor cell is heated up to 90°C. As the cell heats up and the rubidium vapor density
increases, more of the laser light is absorbed, limited only by saturation. Some frequency
shifting occurs as well due to changes in the laser temperature, causing the waveform to
move back and forth in time on the scan, which shows voltage on the vertical axis and time
on the horizontal axis. Despite the increased absorption at higher temperatures, the ideal
operating point for finding the transmission peaks requires a temperature lower than the
maximum as deeper absorption does not translate into better signal-to-noise ratio [27].
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Figure 5.7: This figure shows the increasing absorption by the vapor cell of the laser at
progressively higher cell temperatures. The temperatures are all in Celsius.
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5.3 High frequency current modulation of the VCSEL
Once the VCSEL’s DC current was chosen we then modulated the laser at high frequency to
produce sidebands suitable for simultaneously addressing the F=1 and F=2 ground states
of 87Rb. In an unperturbed system this difference is 6.83-GHz. This frequency difference
can be probed directly if one has access to an RF signal generator that can supply frequen-
cies that high, or alternatively one can produce the two necessary fields by modulating the
current at half of the hyperfine ground state splitting and using the first order upper and
lower sidebands. Once the DC current is tuned appropriately, the RF signal is mixed in
and scanning for the CPT transmission peaks can be performed.
We calculated that for the specific buffer gas pressure inside the vapor cell we used
(as specified by the manufacturer) a pressure shift in frequency of -580-MHz (from the
6.83-GHz value) should occur. The vapor cell used in this demonstration was not opti-
mized for observation of the CPT effect. Future efforts will target a lower pressure shift.
This means the transmission peaks associated with the CPT resonance should be located
around 6.26-GHz. However the pressure shift could be as large as -600-MHz depending on
manufacturing variability. Since we did not have access to an RF signal generator which
could go all the way to 6.26-GHz, a frequency scan over 6.24-GHz to 6.28-GHz was achieved
by sending a 3.12-GHz to 3.14-GHz signal through a frequency doubler, a high pass filter,
an RF amplifier and then into the mixer to modulate the VCSEL.
5.4 Final system status
After all the parts were glued or inserted into the 3D printed enclosure and all power sup-
plies, signal generators and supporting circuits had been properly configured we started
searching for a CPT resonance. These transmission peaks are several tens of kilohertz up to
100-kHz in width, and must be located not only in a range spanning tens of MHz but also
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Figure 5.8: Frequency spectrum of the VCSEL. Sending more power into the laser pushes
energy into the sidebands. The blue trace shows the laser emission spectrum with only the
DC current. When the AC modulation is applied, the laser emission spectrum looks like
the red trace, with sidebands produced on both sides of the primary laser frequency.
at a low signal-to-noise ratio. This hunting requires searching through the large parameter
space which includes DC power supply to the laser, temperature of the laser, temperature of
the vapor cell, GHz-level AC signal, AC power level, and ambient magnetic field strength.
The temperature we chose for the VCSEL was 47.5°C. The vapor cell’s ideal temperature
was roughly calculated based on the pressure and proportion of the rubidium gas and the
buffer gases, and then an exact temperature for this specific cell was found through careful
tuning of the temperature while trying to achieve 50% absorption on resonance, which the
literature indicates is the ideal condition for finding the CPT transmission peaks [27]. For
our device, this is 76.4°C.
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Device Voltage Current Power
Laser 2V 2.5mA 5mW
Laser heaters 25V 6mA 150mW
Vapor cell heaters 10V 47mA 470mW
Wheatstone bridge 5V 1mA 5mW
Total: 630mW
Table 5.1: Power usage by sensor components, ignoring power used by commercial bench-
top components.
Table 5.1 displays the power usage by each part we designed. One thing to remember
with these values is that the lab’s ambient temperature is a steady 17°C so the costs of
heating the device up to 76.4°C (in the case of the vapor cell) absorb a lot of power which
might not be necessary in space. Cooling things down would most likely be the primary
concern on board a spacecraft and cooling/heating may only be necessary over a small
range if the spacecraft experiences only small temperature changes, for example in a sun-
synchronous orbit that would avoid a day/night cycle. This would lower the power budget
listed here for the heating elements on the laser and vapor cell, which are currently the
primary power users. The vapor cell being used (a Triad Technology cell, part number
TT-RB87-5SQ-P) is larger than necessary for ease of use during prototyping. A smaller,
easier to heat cell will be used in the final device.
Unfortunately while performing this hunt for the transmission peaks, the VCSEL laser
was damaged while I was making changes to the RF signal train. The postulated cause of
failure is electrostatic discharge.
Improvements for next design To prevent future lasers from failing while changes
are being made to the system, ESD resistant materials should be used, including the
material out of which the enclosure is made. Another important improvement is to provide
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connections for the thermistor, power, and heaters on the back of the laser which are more
mechanically robust and better insulated. This is a challenge due to the extremely small
size of the laser and the need for so many wires. Wires of this size are prone to breaking and
this makes soldering, insulating, and movement very difficult. Using an SMA connector as
shown in the enclosure diagram (figure 5.3) will help mechanically stabilize the connection.
Assessing vapor cell health prior to installation We lost nearly two months of time
in the fall of 2014 due to a vapor cell which had lost its vacuum seal, losing the buffer
gas and oxidizing the 87Rb necessary for observing the CPT effect. However this was
only discovered after the broken cell, which was glued in to the enclosure and wired up,
had been used for some time to no effect. Properly ascertaining that the cell had lost its
vacuum required testing with multiple lasers and multiple other vapor cells, including cells
of different manufacture. An important step in the future is to verify that any cell is viable
before it is glued and wired in to the system.
Chapter 6
Future Work
6.1 Possibilities for this system
The command and control software for the entire system will have to be moved away from a
LabVIEW program on a Windows PC and toward an embedded low-level program running
on a single energy efficient chip. The software requirements are quite light and it would
not appear to be a technical hurdle to move all of the functionality currently performed
by LabVIEW to a 16-bit or 32-bit microcontroller such as the TI Piccolo. This small
surface-mount integrated circuit is more than capable of running both of the control loops
in the system as well as communicating with a larger digital system upstream, such as a
command and data handling computer [28].
Currently the analysis of the absorption or transmission of the laser through the rubid-
ium gas is done qualitatively by a human looking at the oscilloscope readings. In future
designs of course this would have to be performed by signal processing software looking for
the transmission peaks and analysing their spacing to determine the magnetic field strength.
The RF signal is currently generated by a bench-top Agilent machine, but this too
needs to be miniaturized and put onto the same circuit board or boards as the rest of
the system. There are commercially available, off-the-shelf integrated circuits which can
generate high-frequency RF signals in the range needed for this application (3.1-GHz and
above). Such a chip could be used to modulate the laser’s frequency over the bandwidth
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necessary to see the CPT resonance.
Another improvement in energy usage would be a more comprehensive design of the
thermal system that would provide better insulation of the entire sensor head, ensuring
that any heat generated by running current through the resistors is used as effectively as
possible. However this assumes that the overall system is in a cold environment (lower
than about 45°C) which will not be the case for most orbits in the space environment
around the Earth, especially for a small spacecraft like a cubesat. It is more likely that the
satellite will be extremely hot and the VCSEL will need to be cooled, so this complicates
a thermal analysis and we must include the possible need for greater thermal conductivity
away from the laser rather than simple thermal isolation (which functions as insulation in
a vaccuum) around the entire device. A thermo-electric cooler will also need to be included
for active cooling. Furthermore, the nature of ANDESITE‘s launch is such that the final
orbit will probably not be known until the launch sponsor finds a launch which can host
a secondary payload, and the orbital altitude and inclination will depend on the primary
payload’s requirements since they are the paying customer. This means that our exact
orbit will not be known until long after the satellite has been fully built, tested, certified
and delivered for launch. Thus all subsystems must be able to operate in a wide range of
possible thermal cycles.
Further reductions in size can be realized by having all the electronics, including the
necessary regulated voltage/current sources and amplifiers, on the same circuit board as
the sensor head and eliminating the enclosure all together. Only the VCSEL and va-
por cell would need to be enclosed depending on their thermal isolation or conductivity
requirements.
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